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Abstract. In ice ow modelling, the use of control methods became ungrounded in the future, the model community is
to assimilate the dynamic and geometric state of an ice bodyn need of detailed bathymetry there. Our data assimilation
has become common practice. These methods have primarilgoints to some of these dynamically important features not
focussed on inverting for one of the two least known prop-presentin Bedmap2 and implicitly quanti es their relevance.
erties in glaciology, namely the basal friction coef cient or

the ice viscosity parameter. Here, we present an approach

to infer both properties simultaneously for the whole of the

Antarctic ice sheet. After the assimilation, the root-mean- ]

square deviation between modelled and observed surface vé-  Introduction

locities attains 8.7 ma for the entire domain, with a slightly

higher value of 14.0ma for the ice shelves. An exception More than 60 % of the grounded parts of the Antarctic ice
in terms of the velocity mismatch is the Thwaites Glacier Ice sheet extends into a distinct oating ice shelf (Fretwell et al.,
Shelf, where the RMS value is almost 70 mfaThe reason  2013). A minority of these shelves can be considered to be
is that the underlying Bedmap2 geometry ignores the presmostly uncon ned, which implies that their in uence on the
ence of an ice rise, which exerts major control on the dy-Upstream ice ow is limited (e.g. Schoof, 2007). The vast
namics of the eastern part of the ice shelf. On these groundgnajority are however con ned and exert control on the up-
we suggest an approach to account for pinning points not inStream ice ow and by extension on the ice discharge from
cluded in Bedmap2 by locally allowing an optimisation of the grounded ice sheet. Ice discharge is the ux over the
basal friction during the inversion. In this way, the velocity 9rounding line (e.g. Shepherd et al., 2012; Depoorter et al.,
mismatch on the ice shelf of Thwaites Glacier is more than2013; Rignot et al., 2013), which itself is the delineation of
halved. A characteristic velocity mismatch pattern emergesvhere the ice body starts to oat on its way to the ice-sheet
for unaccounted pinning points close to the marine shelfMargin. Changes in ice discharge rates quantify the dynamic
front. This pattern is exploited to manually identify seven contribution of the ice sheet to sea level (Rignot et al., 2008),
uncharted features around Antarctica that exert signi cantbecause itis there where the ice overburden is no longer sup-
resistance to the shelf ow. Potential pinning points are de-Ported by an underlying bed. As most shelves are well con-
tected on Fimbul, West, Shackleton, Nickerson and Venablen€d, a reduction or even a loss in the resistance provided by
ice shelves. As pinning points can provide substantial resistn€seé con nements is expected to trigger an abrupt increase

(Favier et al., 2012).
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1428 J. J. Furst et al.: Evidence for pinning points

An ice-shelf con nement can simply be an embayment cessive regularisation term. Moreover, convergence has to be
formed either by promontories or by ridges with grounded guaranteed. Second discrepancies can arise from the underly-
ice protruding from the ice sheet. In such a setup, the shelfng ow model. This can imply that the model physics is not
experiences high lateral resistance (Thomas, 1979). This reappropriate to describe the observed ow behaviour. In this
sistance is directly identi able from pronounced cross- ow case, the model might rely on approximations not suitable for
gradients in the observed surface velocities. Other con ne-a particular ow regime or might ignore essential processes.
ments are embedded within oating ice shelves and are thu#Another point is that the model resolution chosen has to be
disconnected from the hinterland. For these pinning pointscompatible with the observations. Finally, remaining discrep-
the ice shelf locally runs aground and the bed contact pro-ancies might be linked to the observational input. Measure-
vides friction at the basal interface. Pinning points often ments come with uncertainties, which intrinsically impedes
give rise to longitudinal resistance, i.e. a pressure acting ortheir reproduction. In order to capture the spatial variability
a plane perpendicular to the ice ow. Any form of resis- of observed surface velocities, the resolution of the geometry
tance imposed on the membrane-like ow regime of an iceinput has to be suf ciently ne. In large data compilations,
shelf is often referred to as buttressing (Hindmarsh, 2006any inconsistencies among different data sources or simple
Schoof, 2007). In general, there are three distinct classes dbcal incompleteness might also give reason to biases. In re-
pinning points (e.g. Armstrong et al., 1977; Thomas, 1979):gions where fast changes are observed, acquisition dates of
ice rises, ice rumples and ephemeral ice rumples. Ice riseke ow and geometry should be as contemporaneous as pos-
show a rather strong basal contact and they are characterisesible.
by a locally de ned ow regime which is normally well ex- In this study, we apply control methods on the recent
pressed in the surface topography. For ice rumples, the cordata sets for Antarctic-wide ice geometry and surface ve-
tact is weaker and thus the ow regime is primarily deter- locities (Sect. 2). The aim is to assess the origin of remain-
mined non-locally by the dynamic state of the surroundinging differences between the observed and modelled veloc-
ice shelf. Ice rumples are called ephemeral if there is ev4ties (Sect. 3). It is found that mismatches are most ex-
idence that the weak bed contact is not permanent. Oceapressed on the ice shelves in areas where pinning points are
tides, for instance, give rise to such intermittent contact. Inmissing in the Bedmap2 data set (Sect. 3.3.1). We suggest
any case, pinning points do not necessarily require a larg@an approach to account for complementary information on
horizontal extent to signi cantly alter the large-scale shelf grounding in the inversion (Sect. 3.3.2) and use a charac-
OoW. teristic mismatch pattern to identify, to this day, uncharted

When assimilating observations on the geometric and dypinning points (Sect. 3.3.3).
namic state of an ice sheet with a ow model, attention has
to be paid to pinning points as their in uence on the shelf
dynamics can reach far. In glaciological modelling, data as-
similation often takes the observed geometry for granted and Model description
tries to optimise unknown model parameters to minimise the
mismatch to other observations (e.g. MacAyeal, 1993). For2.1 Ice ow model
this purpose, inverse methods or control methods have been
suggested that aim at minimising differences between obElmer/ice is an open-source 3-D thermomechanically cou-
served and modelled surface velocities under a given geomepled ice ow model (Gagliardini and Zwinger, 2008; Gillet-
try (MacAyeal, 1993). Based on Antarctic-wide compilations Chaulet et al., 2012; Gagliardini et al., 2013) and the glacio-
of ice geometry and surface velocities (Rignot et al., 2011b;logical extension of the Elmer nite element software devel-
Fretwell et al., 2013), Morlighem et al. (2013) and Arthern oped at the Center for Science in Finland ( CSC-IT, http:
et al. (2015) have shown that inverse methods are feasible gfwww.csc. /elmer/). It is an ef cient, state-of-the-art tool
the continental scale. Both studies use a state-of-the-art ice solve the full complexity of the underlying force balance
ow model to infer the largely unknown basal friction be- equations.
neath the grounded part of the Antarctic ice sheet. They nd As we put the focus on the oating parts of the ice sheet,
that low friction is widespread and can indeed reach far in-a model variant is applied that solves the shallow-shelf ap-
land along tributary glaciers and ice streams. Here, we wanproximation (SSA; e.g. MacAyeal, 1989). In this approxima-
to pursue a similar approach to assimilate velocity observation, gravitational driving is balanced by basal friction and
tions but we aim at a better quanti cation and understandingby an overall adjustment of the stress regime, which is com-
of remaining velocity differences. municated by gradients in membrane stresses (Hindmarsh,

In principle, remaining velocity differences can arise from 2006). Basal friction is considered negligible for oating ice
three main sources during the data assimilation. They cashelves. There, the membrane stress effect exclusively de-
originate from the optimisation procedure, the ice ow model pends on the effective viscosityof the material. The effec-
or the actual measurements. In the rst case, the optimisatiotiive viscosity comprises the non-linearity in the constitutive
might suffer from a bad choice of the cost function or an ex- equation, which links the deviatoric stress eldto rates of
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strain or ice deformation. for the two inversion variables. Convergence of the optimisa-
tion is assumed to be reached after 950 iterations. Then, the
D 1 B " -el n/=n 1) cost function decrease saturates and the overall root-mean-
2 square (RMS) mismatch compares to the error in the veloc-

ity observations (Joughin, 2002; Rignot et al., 2011b). Any
further convergence is considered to entail over tting.

The total cost functiod comprises the velocity mismatch
and two regularisation terms.

Here,"e D P "i "ij =2 is the second invariant of the strain
rate tensof'. We assume isotropic material properties and
a ow exponent ofn D 3. For shelf dynamicsB is some-
times referred to as ice rigidity (e.g. Borstad et al., 2013;
Larour et aI.,_2014). However, terms suqh as r|g|d|ty_and stiff-gpygc . 3% & Ige (3)
ness are strictly associated with elastic deformationBAs

determines the readiness of the viscous material to defornThe mismatch between modelled and observed velocities is
under a given stres® is here referred to as the viscosity comprised in the rst cost terndg. Here, we use the orig-
parameter (Van Der Veen, 1999). To facilitate readability, weinal form suggested in MacAyeal (1993) that accounts for
will likewise refer to it as the ice viscosity, though this is only differences in both horizontal velocity componenig.is a

the case for linearity in the constitutive equation, i.e. a New-djscrete sum evaluated at all data locations. During the inver-

tonian uid. sion, we actually optimise multiplier eldsng of the form
At the ice—bedrock interface, a Coulomb-like friction law B p mé Bini (also see Gillet-Chaulet et al., 2012). The ap-
is applied (Paterson, 1994): plied regularisation in turn penalises rst spatial derivatives

in the respective multiplier eldsn » andmg. The two ad-
ditional termsJ"5? and J5°° are added to the total codt
They improve the conditioning of the underlying problem by
suppressing over tting of the velocity observations.

Since there is an interdependence when inverting for two
variables simultaneously, the inferred elds are dependent on
22 Mesh the initial guess (Arthern and Gudmundsson, 2010). To guar-

antee that the inferred variables remain in a physical range,

The analysis presented here will focus on ice shelves, icéhe initial g'ds have to be selected with care. The initial
streams and fast outlet glaciers. Anisotropic mesh adaptaguess for < is found by assuming that basal drag equals
tion allows us to re ne the grid in these regions (Morlighem the local driving stress. From another inversion of basal fric-
etal., 2010; Gillet-Chaulet et al., 2012). First we distinguish tion on Antarctica (Morlighem et al., 2013), we know that
between oating and grounded parts of the ice sheet, forover most of the ice sheet interior these two are nearly equal.
which the target resolutions are respectively 1.2 and 50 kmThere, the initialisation of 2is expected to strongly facil-
The lower bound is imposed by computational limitations. itaté the convergence of our optimisation. In regions where
For any location away from the grounding line, the nal grid the ice ow becomes channelised and the large-scale charac-
shows a nominal resolution close to these values. The deter of ice-sheet dynamics is violated, this initialisation is less
crease in resolution takes place upstream of the groundingPpPropriate. o _ _

line and spans a band of roughly 100 km. In addition to this, The initial eld for the ice viscosity parameté is cal-
the grid is re ned in areas where ow magnitudes exceed culated from an ice temperature reconstruction (vVan Lief-
10ma L. There, the re nement follows the Hessian matrix feringe and Pattyn, 2013). Ice-shelf temperatures are inferred
of the observed velocities (Morlighem et al., 2010; Gillet- from assuming a local balance of surface accumulation and
Chaulet et al., 2012). In this way, maximum resolution is en-basal melt, as described in Pattyn (2010). The 3-D temper-
sured for both the oating fringes of Antarctica and the main ature information is translated into an ice viscosity using

bD 2 vp; 2

where , andvy are vectors tangential to the glacier base for
basal shear stress and ice velocity respectivelydenotes
the positively de ned basal friction coef cient.

tributaries. a standard Arrhenius relation (Paterson, 1994). Viscosity val-
ues are thereafter vertically averaged. Underlying tempera-
2.3 Control method tures come, however, with a certain uncertainty of several

degrees Celsius (van den Broeke, 2008; Pattyn, 2010; Van
On the basis of the SSA equations, we simultaneously inLiefferinge and Pattyn, 2013). To test whether the inversion
fer basal friction 2 and ice viscosityB using control meth- is sensitive to the initial temperature-based (TB) guess, we
ods building on the approach described in Gillet-Chauletemploy two options to replace these values on the ice shelves
et al. (2012) and Gagliardini et al. (2013). In contrast to theirfollowing Borstad et al. (2013). Avoiding their formal usage
methodology, we conduct a dual inversion as introduced byof ow-line theory, B is determined by equating the hori-
Arthern and Gudmundsson (2010) and applied on Antarcticzontal force exerted in ow direction by ice deformation (the
scales by Arthern et al. (2015). Additionally, we adjust the latter known from strain rates) with the vertically integrated
cost function and start from a physically based initial guesshydrostatic back pressure. Apart from a different choice for
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1430 J. J. Furst et al.: Evidence for pinning points

the direction (namely perpendicular to the grounding line),ice-shelf surfaces and the ice thickness. Prescribing one of
Egs. (6) and (8) in Gudmundsson (2013) determine the twahem, the other two follow from the standard model densities
required pressure terms whil becomes accessible using for sea water and ice respectively at 1028 and 917 k§m

the model-speci ¢ constitutive equation (as Eq. 20). The newThe three options are thus the prescription of either the thick-
B eld is referred to as the hydrostatically balanced (HB) ness T), the upper surfacdJ) or the lower surfacel() from
viscosity. In its original form, Borstad et al. (2013) exclu- observations. All these options were implemented under the
sively used this HB viscosity where values are lower than thecondition that the ice base did not exceed the bedrock topog-
TB eld. As this correction is motivated from identifying the raphy. Independent of these geometric changes, the original
state of ice damage on oating shelves, we refer to this initial Bedmap2 mask is used to delineate the area where no basal

B eld as the damage-corrected (DC) viscosity. friction is applied. For completeness, we want to present an-
other, more physically based, approach to guarantee ota-

2.4 Observational input tion, not pursued here. It relies on the sparse information
on the rn density and rn thickness distribution over ice

2.4.1 Ice sheet geometry shelves (Khazendar et al., 2009, 2011). In this approach, the

upper surface is a priori lowered on the basis of the assumed

The ice sheet geometry is based on the recent Bedmap2 datan properties before inferring the ice thickness from hydro-
compilation, presented at 1km resolution (Fretwell et al., static equilibrium.
2013). The Bedmap2 thickness map is inferred from roughly Following optionD, a spatially variable density eld with
25 million measurements, with about 2.5 % of crossover in-a shelf average of 865 kg is obtained. The derived den-
formation. Analysis of all crossovers indicates that 50 % of sity eld shows, however, areas in which values exceed the
the measurement differences fall in a 5 m window around thedensity of most compact marine ice 940 kg¥r(e.g Craven
median at 1 m. As data were collected over several decadesegt al., 2009) or fall below typical values for dense rn of
this agreement seems to justify the assumption that changez00 kgm 3. Either way, these values are beyond the physical
in the ice sheet geometry through time are comparably smaliange as they are representative for the entire ice column. The
with respect to the measurement uncertainty. However, thestandard model density lies at 917 kg#rand is thus higher
standard deviation in the crossover differences is stated withthan the inferred average, which results in a general lowering
50 m, suggesting that a non-negligible number of data eitheof the surface elevation by 15 m for adjusting the geometry
come at higher measurement uncertainty, are biased by thaccording to optio. If the upper U) or lower surfacel()
mission-speci ¢ methodology or simply suffer from geomet- is prescribed, the shelf thickness is either increased or de-
ric changes over time. In the Amundsen Sea embayment, thereased by comparable values.
upper ice surface was observed to have decreased a lot dur-
ing the observational record (Pritchard et al., 2009, 2012). In2.4.2 Surface velocities
the frontal area of Pine Island Glacier (PIG), a 2011 survey
had to be excluded from Bedmap2, as thinning reached 40 ninformation on the dynamic state of the entire Antarctic ice
with respect to more extensive earlier surveys conducted irsheet was recently brought together and presented in a sin-
2004/05 (Vaughan et al., 2006; Holt et al., 2006). Near thegle database by Rignot et al. (2011b). Surface velocity mag-
grounding line, the Bedmap2 geometry might be less reliablenitudes were inferred from synthetic aperture radar (SAR)
because of large uncertainties in rn density and thickness,jmagery acquired between 1996 and 2009 with ve different
violation of the otation assumption and a data interpolation satellite-mounted sensors. The coverage of this velocity mo-
that aims at providing continuity across the grounding line saic is almost complete and errors in the inferred ow eld
(Griggs and Bamber, 2011; Fretwell et al., 2013; Depoorterfall below 10 ma® over most of Antarctica. We do not use
etal., 2013). the later released high-resolution data but base ourselves on

The Bedmap2 surface elevation, bedrock elevation, icethe earlier product with a 900 m sample spacing, because the
thickness and a given mask, for whether ice is grounded oinversion is limited by the 1 km grid of the Bedmap2 geom-
a oat, are interpolated onto the model grid. For the Antarc- etry. The velocity observations are not interpolated onto the
tic ice shelves, otation needs to be assured in the modelmodel grid, because the underlying nite element approach
The reason is that otherwise a bias is introduced on the hyintrinsically allows us to compute the velocity solution at any
drostatic back pressure propagating into the inversion. In anyocation. During the minimisation of the cost function, differ-
prognostic application, the geometry would immediately beences between modelled and observed ow speeds are calcu-
put a oat in the ow model. The most direct option is to lo- lated at the data locations in the velocity mosaic.
cally adjust the density of the ice column according to ota-
tion (case abbreviated with). This option has the advantage 2.4.3 Complementary grounding line information
that no changes have to be applied to the Bedmap2 geometry
product. If one accepts prior changes, three geometry eldsAs a complement to the Bedmap2 product, independent
of the Bedmap?2 could be readjusted, i.e. the upper and lowesnapshot information on grounding line positions all around
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Antarctica between 1994 and 2009 from differential satellite smoothness in the optimised variable. In our case, we de ne
SAR interferometry (dInSAR) was consulted (Rignot et al., an L surface by quantifying the mismatch between observed
2011a). This complementary information is of particular in- and modelled velocitiedg as a function of the two regular-
terest where pinning points on ice shelves are missing inisation terms) 5% and J5™ (Fig. 2). Each position on this
Bedmap2. Though already identi ed in 2001 (Rignot, 2001; plot is associated with one parameter combination and the
Rignot et al., 2014), a large ice rise on the eastern ice shelsampling is equally spaced in a logarithmic sense. The L sur-
of Thwaites Glacier (TWG) does not appear in Bedmap2 dugace allows the identi cation of an area in parameter space
to a lack of bathymetry data in this region. The friction this avoiding two extremes: either over tting of the velocity ob-
ice rise exerts at the shelf base is well imprinted in the sur-servations or excessive regularisation that dominates the cost
face velocity eld, as ow speeds there are extremely low. functionJ. The exact parameter choice depends on the later
A delineation of this ice rise, as in Rignot et al. (2014), was purpose of the inverted elds. As our interest is in the veloc-
available. Not as in uential, but also missing in Bedmap2 ity mismatch, which is correlated tly, we choose the com-
and Rignot et al. (2011a), Bawden Ice Rise (BIR) is situatedbination for whichJy passes through a rst local minimum
on the northeastern marine front of Larsen C (LC) Ice Shelfwhen decreasing » and g. This local minimum is attained
(Borstad et al., 2013). We manually delineated the BIR usingsy, , p 102 and 5 D 10°.

ALOS/PALSAR imagery.

3.1.2 Parameter initialisation

3 Resuilts As our later assessment will focus on the performance of the

In Sects. 3.1 and 3.2, results are exclusively based on thihversion on the ice shelves, the sensitivity of the inferred
Bedmap2 geometry without consulting other sources of in-viscosity is.assessed under three initial elds that differ only
formation. First, two technical choices on the regularisation®” the oating parts (Sect. 2.3). The nal pattern and mag-
(Sect. 3.1.1) and the parameter initialisation (Sect. 3.1.2) ar@itude of the viscosityg compare well, independent of the
presented. Thereafter, different options to impose otation oniNitidlly chosen elds. They result in similar RMS deviation
the model geometry are assessed (Sect. 3.1.3). For this conf@lUes for single shelves and the entire ice sheet (Table 1).
parison, the well-studied LC shelf is chosen. Subsequently-Cc@lly, where the DC and the HB option prescribe a very
we pursue an assessment of the velocity mismatch after thi9W initial B value, the inferred viscosity eld remains low
inversion (Sect. 3.2) for the whole of the ice sheet and indi-2fter the regularised inversion. In general, however, the in-
vidual ice shelves. As the bathymetry beneath ice shelves i¥€rsion is robust under different initial elds. For the latter
widely unknown, the Bedmap2 geometry ignores many pin__res_ults, we choose the TB |n|t|§1I|sat|on pecause it is read-
ning points. Complementary information on grounded ice is!"Y Implemented and has a physical meaning for oating and
used to locate these areas, which allows us to discern a chafifounded ice.

acteristic pattern in the velocity mismatch (Sect. 3.3.1). we, After the inversion, the multiplier for the friction eleh >
then assimilate this complementary information in our in- IS characterised by values close to unity for most of the ice

version by allowing a local optimisation of the friction co- Sheet interior. Along regions of fast ice ow, however, the
ef cient (Sect. 3.3.2). In a nal step, we identify other po- Nversion nds very low values, as con rmed by an earlier
tential pinning points not included in the data sets at hand"Version on the continental scale (Morlighem et al., 2013;

(Sect. 3.3.3). Arthern et al., 2015). The multiplier eldng for the ice vis-
cosity generally falls into the range of 0.1 and 10. The low
3.1 A priori decisions variability suggests that both initial elds are well chosen in

view of this dual inversion.
3.1.1 Regularisation

3.1.3 Geometry at otation
During the iterative optimisation of the cost function, its ini-
tial value is decreased by more than 3 orders of magnitudeln general, any option for imposing otation on the shelf ge-
This primarily reduces the mismatch between modelled andbmetry in the model results in lower ice viscosity from the
observed velocities (Fig. 1). The simultaneous inversion ofinversion as compared to the unadjusted case (Fig. 3a and b).
two parameters seems suf ciently well conditioned, by the The reasoning depends on the details of how otation is im-
applied regularisation and the fact that on the ice shelves onlposed. For casb the shelf density is lower, resulting in less
one parameter, namely the viscosity paramBtds inferred.  gravitational forcing, which is compensated by a small vis-

In order to retrieve an appropriate parameter combinatiorcosity decrease in order to balance the same hydrostatic back

for 2and g, we rely onthe L curve method (e.g. Hansen, pressure. In casé the ice-shelf volume beneath sea level
1992; Jay-Allemand et al., 2011; Morlighem et al., 2013, andis higher than in the original Bedmap2 geometry, resulting in
references therein). The L curve gives a means to nd a tradean increased hydrostatic back pressure, compensated by low-
off between tting a target quantity while keeping a certain ering B. When the bottom shelf surface is prescrithedhe
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1432 J. J. Furst et al.: Evidence for pinning points

Figure 1. Difference of ice velocity magnitudes (simulated minus observed) over the Antarctic ice sheet. The result is basell on the
geometry accounting for complementary information on pinning points. White areas over ice-covered areas indicate regions without velocity
information. Pink squares indicate observed grounding line locations not included in Bedmap2 and further away than 5 km from grounded
areas in Bedmap?2 (PIN5). The black contour line delineates the oating shelves. Black rectangles indicate locations of insets.

back pressure is the same as for the original Bedmap?2 data Judging from the RMS deviation between observed and
set. However, the shelf thickness and with it the driving stressmodelled surface velocities (Table 1), the choice on how to
are reduced, compensated in our inversion by a decrease impose otation affects the performance of the inversion.
the viscosity parameter. The last cddes a combination RMS values for the entire ice sheet indicate thatitlgeom-
of increasing both the driving stress and the back pressuretry is least preferable. The other options show more com-
simultaneously by thickening the shelf ice. As this results parable RMS values. The best agreement with observations
in the lowestB values, the in uence of the increased water is obtained with the unadjusted Bedmap2 geometry without
back pressure seems dominant. In caseadL, the pursued and with the density correction®). This good agreement
adaptations of the shelf geometry also result in steeper suiis con rmed on the oating and grounded parts separately
face gradients. Their in uence seems secondary compared tas well as on the level of individual ice shelves. For a fur-
the simultaneous effect from increasing back pressure by sutther assessment, we consult the inferred viscosity parameter
face lowering inT or decreasing driving stress by thinningin B. An average viscosity value for LC is 0.48 MPa&for
L. the unadjusted Bedmap2 geometry without density correc-
tions. In this caseB is biased towards high values as the
geometry is not in balance with the otation criterion in the
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Table 1. RMS deviation between simulated and observed velocity components for different regions. For the inversion, different option to
ensure otation on the ice shelves are assessed. As a reference, the input geometry is kept while assuming a constant ice density (Bedmap?2
A second option is to locally adjust the density eld on the ice shelves according to otdfiprQtherwise, an a priori adjustment of the
geometry is necessary, keeping either the upper surfakehe lower surfacel() or the thickness of the ice shelveE)(from Bedmap?2.

For initialising the viscosity parameter on the shelves, three options are assessed based on inferred ice temperatures (TB), a local hydrostati
balance (HB) or a compromise of both used to identify damaged ice (DC). Complementary information on pinning points (Sect. 2.4.3) is
accounted for in the inversion dependent on their distance from the Bedmap2 grounding line. Data are included if the distance is larger than
either 1, 5 or 10 km, referred to as setup PIN1, PIN5 and PIN10 respectively.

Ice geometry Bedmap2 D shelf Ushelf L shelf T shelf Tshelf Tshelf PIN1 PINS5 PIN10

Initial viscosity B B B TB TB DC HB B B TB
Region
Ross Ice Shelf 9.3 8.9 12.4 14.0 10.6 10.5 104 103 10.0 10.3
Filchner—Ronne Ice Shelf 11.6 11.8 14.9 18.4 14.0 13.9 13.8 13.7 135 13.8
Brunt/Stancomb-Wills Ice Shelf 16.0 15.8 18.4 19.3 16.4 16.1 16.2 159 157 16.1
Shackleton Ice Shelf 24.0 26.8 30.9 32.8 27.6 27.2 272 224 231 229
Amery Ice Shelf 7.3 7.2 9.7 29.2 9.3 9.1 9.1 9.0 8.7 9.1
Larsen C 9.5 9.4 11.6 12.1 10.6 10.5 10.4 9.5 9.4 9.7
Dotson Ice Shelf 24.3 23.3 30.3 24.9 274 27.1 270 268 26.1 26.8
Crosson Ice Shelf 15.8 15.5 19.0 24.9 17.9 17.7 175 174 17.0 17.4
Thwaites Glacier shelf 57.9 57.5 85.7 76.2 67.8 68.1 66.0 289 311 29.3
Pine Island Glacier shelf 314 30.9 37.3 67.2 34.0 33.6 336 334 329 335
Grounded part 7.6 7.6 8.0 24.0 7.9 7.8 7.8 7.8 7.8 7.9
Floating part 12.8 12.9 16.6 20.6 15.2 14.9 148 142 140 14.3
Antarctica 8.4 8.4 9.5 23.7 9.1 9.0 9.0 8.8 8.7 8.9

model (Fig. 3a). The four options to guarantee otati@n,

U, T andL, result in average ice-shelf viscosities of 0.46,
0.42, 0.37 and 0.31 MP&R& respectively. As compared to
the un-adjusted case, all shelf-average values are reduced but
no preference can be given to either case. Jansen et al. (2010)
forwarded an optimal value of &4 MPa&™ when minimis-

ing the velocity mismatch with a uniform viscosity param-
eter. This value is, on view, con rmed by another inversion
study on Larsen C (Khazendar et al., 2011). Also in terms of
the velocity RMS deviation, thB, U andT options result in
similar values. A decision can therefore not been taken con-
sidering only a single quantity.

The D option performs best in terms of RMS deviation
and the resultant viscosity average compares well with other
studies. However, issues arise for initialisation to prognos-
tic modelling. Forward modelling is faced with advecting
this density eld while the underlying ow model comprises
no processes that would cause spatial variability in the rst
place. TheJ geometry would be a good compromise in terms
of RMS and viscosity average, yet the general increase of the
ice-shelf thickness lacks a physical justi cation and violates
the bathymetric information in places. From the remaining
two options, the. option clearly performs worse in terms of
RMS and shows the lowest viscosity average. Opfiore-
mains and has the advantage that ice thickness and thus ice

Figure 2. L surface obtained for the simultaneous optimisation of yolume is preserved from Bedmap2. The thickness is also

two variables as a function of the respective regularisation terms. the quantity which has originally been inferred on a physical
basis for the Bedmap2 product Griggs and Bamber (2011);
Fretwell et al. (2013).
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Figure 3. Ice viscosity parametda—c) as inferred by the control method for the Larsen C Ice Shelf. Velocity differéhef@ as in Fig. 1.

Panels(a, d) show results based on the actual Bedmap2 geometry, while p@gna¥show results after otation is guaranteed using the

T method. Inversion results on Larsen C for thgeometry accounting for friction beneath pinning points not included in Bedrf@ iR

Grey shading indicates observed velocity magnitude on grounded parts of the ice sheet. The Bedmap2 shelf extent is indicated by a black
contour line. On the shelf, black dashed and white lines indicate observed and modelled streamlines respectively. The black dashed line or
the grounded areas gives the 100 nasoline of the observed surface velocities. Locations of pinning points (PIN5) not in Bedmap2 are
indicated with pink squares in pangl).

3.2 General performance nelised ow: underestimation of observed velocities in the
centre of these channels and overestimation of the lateral
In general, the inferred velocity eld is in good agreement ow speeds. It is also apparent that where these channelised
with observations (Fig. 1). The RMS differences betweenfeatures approach the grounding line, the mismatch decreases
observed and modelled velocities reaches 8.7 hfar the  and often vanishes as a direct consequence of the increasing
whole of the Antarctic ice sheet (Table 1). Remaining dis- resolution.
crepancies are either spatially con ned or, if widespread, The Filchner—-Ronne (FR) Ice Shelf is the second largest
small in magnitude. A similar inversion for the whole of distinct oating unit of Antarctica. In an attempt to deter-
Antarctica shows a saturation of the bulk RMS deviation atmine the complex rheology of the larger Ronne section of
40ma ! (Arthern et al., 2015). As they constrain the in- this shelf, Larour et al. (2005) used a similar inversion tech-
version not only by observations on surface velocities butnique to determin®. Having put the shelf geometry a oat,
also on accumulation rates and surface elevation changes, ihey nd values that vary between 0.3 and 0.9 ME&acon-
is natural that the velocity RMS deviation is more reduced rming the range found here (Fig. 4). We also nd soft
for our inversion. Here we did not follow their suggestions, ice in the elongated shear bands at both lateral shelf mar-
as we do not want to initialise the ow model for transient gins. With the increasing knowledge on ice velocities, our
simulations. The aim is to identify locations where the modelinversion is able to provide a viscosity map much richer in
is not able to reproduce observed ice ow. small-scale features. Turning towards differences between
The velocity mismatch on the grounded part of the ice observed and modelled velocities, the early study reported an
sheet is smaller than on the oating parts, with RMS valuesaverage mismatch of 50 m& Here, we nd a RMS value of
of respectively 7.9 and 15.2 mé&(Table 1). In large parts of 15ma ! for the entire FR Ice Shelf. Though this might sug-
the ice sheet interior, differences become very small (Fig. 1)gest a threefold reduction, a direct comparison is impeded
justifying the choice for a coarse grid. However, the coarsebecause the input geometry and velocity observations differ.
resolution becomes insuf cient for some channelised ow  After the disintegration of Larsen B in 2002 (MacAyeal
features. The velocity observations come at 900 m samplet al., 2003), many studies were directed towards assessing
spacing and they are directly used in the optimisation. Therethe dynamic conditions preceding this event or monitoring
fore, a general mismatch pattern emerges for such chan-
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Figure 4. Ice viscosity parametg@) and the difference between simulated and observed ice velocity magn{b)des Filchner-Ronne
Ice Shelf (as in Fig. 1). Shading and contour lines as in Fig. 3. Results are basedlogebmetry without complementary information on
pinning points. White areas indicate regions without velocity information.

the consequences for the tributary glaciers (Scambos et alfunction for such setups. Another reason might be that the
2004; Vieli et al., 2006, 2007; Khazendar et al., 2007; Rott ow model is limited by the assumption of a continuous ma-
et al., 2011, Berthier et al., 2012). In addition, the LC Ice terial, which might be violated in these areas of high crevass-
Shelf received some attention, being the next ice shelf ining. Turning to the ice viscosity, the inferred map shows
line just south of Larsen B (Jansen et al., 2010; Khazendatwo bands of very low values along these shear margins (not
et al., 2011, Borstad et al., 2013; Kulessa et al., 2014). Preshown). Using a similar approach, Joughin et al. (2010) in-
scribing a constant viscosity for the entire shelf, Jansen et alverted comparable zones of weak ice in these areas.
(2010) succeed in reproducing the general pattern and mag- On the ice shelf of TWG, a strong across- ow gradient
nitude of the velocity eld. The match is convincing in the in surface velocities is observed. Despite this gradient, our
central part of the ice sheet, and a general tendency to undeimversion nds no pronounced band of low viscosity. How-
estimate observed velocities becomes only apparent in thever, we infer untypically high viscositg for the central
southern parts of the shelf. As the viscosity parameter is spaeastern part of the ice shelf, where values readily exceed
tially optimised, our inversion is free of such a regional bias 2.00 MPa&™. In addition, the 80ma ! shelf-wide RMS
(Fig. 3e). In fact, regions where ice velocities are either over-velocity deviation is exceptionally elevated, with highest dif-
or underestimated cover a similar area with 59 and 42% offerences in this eastern region. At the source of these extreme
the total ice-shelf surface respectively. In addition, the bulkvalues is a unconsidered contact between the bottom ice sur-
RMS deviation is 9.4 ma! and thus lies lower than the av- face and the bathymetry (Sect. 2.4.3).
erage mismatch for all Antarctic shelves (Table 1). In a more
recent study, the LC viscosity parameter was inferred with . . .
the aim to identify regions of damaged ice (Khazendar et aI.,?"3 Pinning point locations
2011; Borstad et al., 2013). In general, comparablelds
are obtained (Fig. 3b). On Brunt/Stancomb-Wills Ice Shelf,3.3.1 Characteristic Bedmap2-based mismatch pattern
inferred viscosity values are also comparable to a recent re-
gional model study (Larour et al., 2014). The presented inversion is capable of adequately reproduc-
Highest surface velocities beyond 3000mtaare ob-  ing observed ice velocities for the majority of ice sheet.
served in the Amundsen Sea sector (ASS) and more speciPronounced remaining differences are spatially very con-
ically for PIG and TWG. For the central part of the PIG Ice ned and some features were attributed to a lack in model
Shelf, differences between simulated and observed ow ve-physics or coarse model resolution (Sect. 3.2). For oating
locities are ef ciently reduced (Fig. 5). However, for the lat- jce away from the grounding line, the SSA is an appropriate
eral shear margins, the mismatch exceeds 100'mwaith  description for ice dynamics. There, remaining differences
different sign on each side of the fast- ow unit of the ice between modelled and observed velocities likely arise from
shelf. As this alternating pattern is identi ed for several observational inconsistencies. In this section, we will char-
other fast outlet glacier all around Antarctica, it is symp- acterise a prominent pattern in the velocity mismatch where

tomatic and might indicate resolution issues, a I’egiona|Bedmap2 ignores the presence of pinning points known from
under-convergence or a systematic minimum in the costomplementary information (Sect. 2.4.3).

www.the-cryosphere.net/9/1427/2015/ The Cryosphere, 9, 1427-1443, 2015



1436 J. J. Furst et al.: Evidence for pinning points

Figure 5. Velocity differences as in Fig. 4 for the ice shelves in the Amundsen Sea embayment. Results are bas€djeortiedry for the
cases that complementary information on pinning points (pink rectangles, PIN5) is not accou(@@difaccounted fofb) in the inversion.
Shading, contour lines and markers as in Fig. 3.

It is obvious from surface velocity observations that the 50 km upstream. Further upstream, no distinct pattern for
eastern ice shelf of TWG moves at much lower rates than theinderestimation emerges. In this context, it is striking that
western parts. Towards the ice margin, observed ow magni-the effect on the viscosity paramet&reaches much further
tudes decrease signi cantly and the ow directions are devi- upstream. This might suggest that pinning points could be
ated zonally. Flow resistance there arises from an ice rise neadenti ed more directly fromB. For the whole of Antarctica,
the marine shelf front (Rignot, 2001; Rignot et al., 2014). however, we nd that elevated viscosity values, as found in
Since this ice rise is absent in Bedmap2, it gives an explathis region on LC, are not necessarily associated with pinning
nation for the high RMS deviation between observed andpoints but rather point to meteoric origins and little shearing
modelled surface velocities on this shelf (Table 1, Fig. 5).of thisice. Overestimated ow speeds are found to be charac-
Nowhere else on Antarctica do we nd widespread and highteristic for pinning points absent in Bedmap?2. For instance,
differences largely exceeding 100 mta Near the ice-shelf near the McDonald Ice Rumples on Brunt/Stancomb-Wills
front, velocities are overestimated, while upstream of thislce Shelf, the mismatch also exceeds 100 miear the ice-
narrow zone, inferred velocities are too low. As observedshelf front (Fig. 1). Magnitudes and pattern of this charac-
and modelled velocities cannot be conciliated, we consideteristic mismatch near unaccounted pinning points are com-
that this ice rise has an important in uence on ice dynamicsparable for all options on how to impose otation. This can
of the entire eastern ice shelf and the upstream grounded icpartly be inferred from the comparison of different geometry
ow. For other, less in uential, pinning points not included choices on Larsen C near Bawden Ice Rise (Fig. 3a—c).
in Bedmap2, we expect a much less pronounced mismatch Away from the close vicinity of the ice-sheet grounding
pattern. line, the majority of the pinning points identi ed in Rignot

For the BIR on the northern part of the LC ice shelf, etal. (2011a) are located near the shelf fronts (Fig. 1). How-
Bedmap2 shows no contact between the ice and thever, there are many pinning points away from the marine
bathymetry (Fig. 3). Similar to the TWG setup, this pinning fronts. For these points, we generally nd that the remain-
pointis located close to the marine ice front. As basal frictioning velocity mismatch is comparable to or falls below typical
there is kept zero during our inversion, the model overesti-shelf RMS values (Figs. 3, 5, 6 and Table 1). Therefore, it
mated ice velocities in its vicinity by more than 100ta s dif cult to discern these features from the mismatch map.
The spatial extent of this velocity mismatch reaches someThis indicates that either they are not as decisive for shelf dy-
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Figure 6. Velocity differences as in Fig. 4 for different ice shelves around Antarctica: FifauMushketov(b), West(c), Shackletor(d),
Nickerson(e) and Venabldf). Results are based on tfilegeometry when accounting for complementary information on pinning points
(PINS) in the inversion. Shading, contour lines and markers as in Fig. 3. Dark red squares give the positions of the seven potential pinning
points identi ed in this study (Table 2).

namics or our ow model can account for their effect in a dif- Bedmap2 grid spacing. The Bedmap2 geometry was primar-
ferent way. Further inland, shelf ice generally experiencesly gridded and processed on 5km resolution and only ren-
more resistance; thus ice motion is slower and any modetlered at 1 km for its nal release. The majority of the com-
mismatch will be less expressed. It is also more likely thatplementary dinSAR data points are not more than 5 km away
multiple sources provide resistance to a certain location orfrom grounded areas in Bedmap2. Our interest is not in sub-
the ice shelf. Consequently, this superposition gives the inkilometre grounding line migration over the observational
version a possibility to conceal a missing pinning point by period but in pinning points away from the main grounded
adjusting the weighting of various resistance sources via théce body. Therefore we consider points within a certain ra-

viscosity parameter. dius to grounded areas in Bedmap2 as redundant informa-
_ _ _ tion. Three radii are chosen to remove data points, namely 1,
3.3.2  Accounting for complementary information 5 and 10km, referred to as PIN1, PIN5 and PIN10 respec-

tively. In order to provide a mask that enters the inversion,

In this section, the Bedmap2 product is supplemented using,e hqints in the Bedmap2 grid closest to the actual pinning
complementary information on the location of shelf pinning point locations are classi ed as being grounded. During the

from various sources (Sect. 2.4.3). These sources hold the g o rsion. this mask de nes extra locations where the basal
cation but not the bathymetry of these pinning points. The?%riction coefcient 2 is optimised though the Bedmap2 ge-

locations are stored in a mask which allows a local optimi- o etry indicates otation. It is important to not account for
sation of th_e bz_;lsal friction coef cient, even though Bedmap?2 these locations in the regularisatiohr?g in Eq. 3) because
shows oating ice. they introduce large spatial differences

The dInSAR data from Rignot et al. (2011a) hold accu- '
rate pinning point locations with a spatial spacing below the
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Introducing ice rises in this way, the bulk velocity RMS
deviation on the ice shelves is not necessarily improved (Ta-
ble 1). It depends on the selected radius and only PIN5 shows
a clear global and shelf-to-shelf improvement. Introducing
friction on many shelf locations just a few kilometres down-
stream of the Bedmap2 grounding line (PIN1) is not con-
ducive to the overall RMS performance of the inversion, as
many of these points are potential artefacts from the inter-
polated Bedmap2 geometry (Fretwell et al., 2013). PIN5 is
largely free of such erratic friction points as most pinning
points lie far out on the ice shelves.
On individual ice shelves clear improvements are ob-
served. The RMS deviation on the TWG Ice Shelf is reduced
by a factor of 3 and a zone of erroneously high viscosi-
ties is removed (not shown). In fact, the introduction of fric-
tion beneath the ice rise of TWG alters the ow eld on the
eastern part of the ice shelf signi cantly (Fig. 5a and b). As
ice ow is inhibited, ow lines get more aligned with ob-
servations and turn away from the basal obstacle. We con-
clude that the ice rise in this region has an important in-
uence on the shelf dynamics of the eastern region. Also
on LC, the mismatch upstream of BIR is virtually removed Figure 7. RAMP imagery for Fimbul(a), Mushketov(b), Ven-
(Fig. 3e and f). In addition, the inferred viscosity parameterable(c) and West Ice Shelfd). Blue rectangles encircle the loca-
is regionally lowered and hence more consistent with sur-tions of the identi ed PPPs (Table 2). Insets show closeups of these
rounding ice (Fig. 3b and c). On the Brunt Ice Shelf, a sim- IocaFions with satgllite_imager_y_ from LIMA. Orange lines delineate
ilar improvement in the velocity mismatch is seen upstreamMulti-year grounding line positions by Rignot et al. (2011a).
of the McDonald Ice Rumples. Though tBe eld is some-
what lowered, values were and are in a physically reasonable
range both when accounting for friction at the ice rumplesing the velocity mosaic. A good example is Brunt/Stancomb-
and when not. Wills Ice Shelf (Fig. 1), where the mismatch map shows an
Despite the strong improvement seen in these regions, therratic alternation near the northern shelf front that is traced
inversion is hardly facilitated at many other locations whereback to different sensors and acquisition dates. A similar ar-
there is evidence for a pinning point (Fig. 6). One obviousti cial pattern is found close to the front of Ross Ice Shelf,
reason for no improvement is that the mismatch was alreadyast of Roosevelt Island.
small before accounting for friction there. This might ei- We identify seven locations around Antarctica (Table 2,
ther indicate a weak basal contact or local over tting unsup- Figure 6), where there is strong evidence for resistance to the
pressed by the chosen regularisation. Moreover, many pinice-shelf ow and thus for a potential pinning point (PPP).
ning features have a rather small spatial extent, which is moré&Jnfortunately, none of these features is directly crossed by
or less well resolved depending on where the model gridOperation IceBridge ight lines. They are also not found to
points fall. Another reason is that the inversion might not bebe consistently attributed to geographic names. The rst fea-
suf ciently converged, such that these small-scale featuredure, PPP1, is located at the eastern part of the marine front of

would become relevant in the optimisation. Fimbul Ice Shelf (Queen Maud Land), north of Tsiolkovskiy
and Kroshka islands (SCAR Gazetteer, US Board on Geo-
3.3.3 ldenti cation of uncharted basal contact graphic Names). SCAR Gazetteer actually comprises an ice

dome at this location called Avrora Kupol, giving rst evi-
The aim of this section is to use the velocity mismatch mapdence of a topographic expression of this object. As surface
to identify other potential pinning points. Here, we limit our expressions can be detected from satellite imagery, data from
analysis to pinning points close to the ice-shelf fronts, wherethe RADARSAT-1 Antarctic Mapping Project (RAMP, Jezek
our approach tends to produce a characteristic signal in thand RAMP Product Team, 2002) and the Landsat Image Mo-
difference map of modelled and observed velocities. Theresaic of Antarctica (LIMA, Bindschadler et al., 2008) are con-
the signal is also expected to be most pronounced. In additiosulted (Fig. 7). On Fimbul Ice Shelf, the imagery highlights
to the mismatch information, we verify that observed surfaceseveral surface features where we observe maximum veloc-
velocities actually decrease gradually towards the respectivéy mismatch after the inversion. As these features are close
ice front. The identi cation is performed manually because to each other, we cannot discern whether one of them is
there are some features that clearly arise from concatenatiominant for the upstream ice-shelf ow. The two PPPs on
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Table 2. Decimal longitudinal and latitudinal range where we nd evidence for potential pinning points (PPP). Also given are the respective
shelf names. The ice shelf east of Verblyud Island has no name. As its main tributary is Mushketov Glacier, we refer to it as Mushketov
Ice Shelf. If a peak in the Bedmap2 surface elevation is discernible, its height is manually estimated with respect to the surrounding shelf
surface. If no peak is identi able, no number is given (“-").

Northern  Southern Western Eastern Respective Height of topographic
boundary boundary boundary boundary ice-shelf name rise in Bedmap2

PPP1  70.12 70.19 2.26 2,50 Fimbul 3m

PPP2  69.73 69.77 17.27 17.42  Mushketov 4m

PPP3  69.70 69.74 17.52 17.71 Mushketov 4m

PPP4  67.35 67.54 81.39 81.80 West 15m

PPP5  66.20 66.27 95.36 95.60 Shackleton -

PPP6  75.36 75.47 145.20 144.73  Nickerson 5m

PPP7 7292 72.97 86.66 86.43 Venable 10m

Mushketov Ice Shelf are further apart 6 km) and are both  conducted to infer the viscosity eld of individual shelves
well imprinted in the velocity mismatch map. On Venable (Larour etal., 2005; Borstad et al., 2013; Larour et al., 2014).
Ice Shelf, the satellite image shows a very gradual imprint ofThe general pattern of our inferred viscosity maps agrees
PPP7, while on West Ice Shelf the surface is highly crevasseavell with these regional studies. In addition, the inversion
near PPP4. These differences in the surface expression @roblem is suf ciently conditioned by a dual regularisation
pinning points pose a challenge when satellite imagery alonend a well-founded initial guess for the two variables. On the
was used for their identi cation. In fact, the surface eleva- ice shelves, the nal viscosity map is mostly unaffected by
tion product of Bedmap?2 already holds a rise 08 m above three variants for initialising the parameter eld.
PPP1 (Table 2). Except for PPP5 on Shackleton Ice Shelf, Asany model application on observed geometries requires
we con rm similar topographic rises in Bedmap?2 at the lo- an assumption on the ice density, we present several options
cations of all the other features. to guarantee otation of the shelf geometry in the model.
We nd additional con rmation for this interpretation in  In terms of minimising the velocity RMS deviation, adjust-
a recent International Bathymetric Chart of the Southerning the ice density to guarantee otation for the unadjusted
Ocean (IBCSO: Arndt et al., 2013). It is a comprehensiveBedmap2 geometry is preferential. However, as a spatially
compilation of bathymetric data around Antarctica. Its sub-variable density eld entails problems in forward modelling,
shelf bathymetry is, however, inherited from Bedmap2. Onthe Bedmap?2 thickness eld is taken and adjusted to ota-
the ocean side of Fimbul Ice Shelf front, the map showstion according to model densities for ice and ocean water. If
a bathemetric rise just offshore of PPP1 reaching up tathe Bedmap2 geometry is directly taken and not adjusted for
190 m below present sea level. The lower surface of theotation, the inferred shelf viscosity is systematically biased.
Bedmap?2 ice shelf reaches down t®210m. Turning to  In our case, putting the ice shelves a oat involves a general
PPP2 and PPP3, the Bedmap2 ocean is very shakow ( lowering of the upper surface and, after inversion, less vis-
100 m). The IBCSO bathymetry is signi cantly deeper cous shelfice.
there, often by more than 200 m, showing two distinct rises Remaining velocity differences exhibit uncommonly high
reaching about 190 m in close vicinity of PPP3. Also at magnitudes for the ice shelf of TWG, resulting in a bulk RMS
other PPP locations, IBCSO indicates offshore rises in themismatch of 70ma . Large differences are actually lim-
bathymetry that are underestimated or ignored in Bedmap2.ited to the eastern part of this ice shelf, where values typically
exceed 100 mal. The differences there arise from an ice rise
(Rignot et al., 2014) not included in Bedmap?2 and thus unac-
4 Summary and conclusions counted for in our inversion. As the mismatch is particularly
pronounced in this region, this ice rise certainly exerts strong
We present a data assimilation approach for the Antarcticcontrol on the upstream shelf dynamics and, by extension, on
ice sheet, inferring two variables simultaneously, namely thethe ow of the grounded ice sheet. Therefore, an approach is
basal friction coef cient and the ice viscosity parameter. Af- forwarded that can account for pinning points not present in
ter convergence, the underlying cost function is reduced byBeédmap2 during the inversion without adapting the geome-
more than 3 orders of magnitude. For the whole of Antarc-try- Applying this approach, the bulk RMS for the TWG Ice
tica, the RMS deviation in the velocity components attainsShelf is reduced to 30ma *. For other shelves, the im-
9.0mal. The match is better on the grounded parts of Provement is not as expressed but still local mismatches are

the ice sheet, while it reaches an average 6.2 ma ! for ef ciently removed. Prominent examples are the Bawden Ice
all ice shelves. In other studies, similar inversions wereRise on Larsen C and the McDonald Ice Rumples on Brunt

www.the-cryosphere.net/9/1427/2015/ The Cryosphere, 9, 1427-1443, 2015



1440 J. J. Furst et al.: Evidence for pinning points

Ice Shelf. For the whole of Antarctica, the RMS deviation geometry and ice velocities are now available on compara-
is only moderately reduced to 8.7 m'awith most improve-  ble resolution (Morlighem et al., 2010; Rignot et al., 2011b;
ment on the ice shelves (14.0 m4. Fretwell et al., 2013), which triggered ice-sheet-wide assim-
We are also able to identify a characteristic pattern in theilations necessary to determine poorly constrained param-
velocity mismatch where the Bedmap2 geometry ignores theeters in ice ow models (e.g. Gillet-Chaulet et al., 2012;
presence of pinning points close to the marine shelf front.Morlighem et al., 2013; Arthern et al., 2015). The data as-
This information is used in a nal step to identify potential similation presented here has reached a quality such that it
pinning points not included in the data sources at hand. Weean serve to identify inconsistencies in and between the ve-
locate seven features around Antarctica that provide promilocity and geometry data sets. As the optimisation primar-
nent ow resistance. Though the identi cation could be done ily addresses velocity differences, our assimilation reveals
on the sole basis of the velocities observations or even diinhomogeneities in the surface velocity mosaic. However,
rectly from RADARSAT imagery, our approach implicity more importantly it points towards regions where observed
quanti es the effect of these pinning points on ice dynamics.ice ow is not reconcilable with the geometric database.
However, our identi cation does not claim to be complete. This is especially the case for pinning points which can alter
It should rather serve to highlight locations relevant for shelfthe dynamics of a larger area. Consequently, ice ow mod-
dynamics. Our identi cation will miss out on ephemeral fea- els require the location and extent of these pinning areas
tures that only appear in velocity observations if data acqui-as input in order to be able to reproduce observed veloci-
sition falls into periods of actual ice/bed contact. In addition, ties. Only then could realistic stress distributions be inferred,
our method is less ef cient for pinning points away from the which would make it possible to quantify the resistance that
ice-shelf front because there ice ow is more likely experi- ice shelves exert on the upstream ow. For reliable model
encing multiple sources of resistance that reduce the signgbrojections of pinned ice shelves and their upstream tribu-
amplitude. taries, the exact bathymetry of the bed contact is a prereq-
The interpretation of the seven features as pinning pointauisite, as it determines the timing of a potential future un-
is substantiated by the Bedmap2 surface topography that ingrounding. This is exempli ed by the TWG setup. Despite
dicates topographic rises of several metres for six of themour good knowledge on the spatial extent of this ice rise (Rig-
Their surface expressions are also visible in RAMP andnot, 2001; Rignot et al., 2014), we have hardly any informa-
LIMA satellite imagery. For further evidence, these featurestion on how much it actually protrudes the ice shelf. For now,
could be delineated by means of dInSAR data (e.g. Rignotny approach to model its future response is controversial to
et al.,, 2011a). If the bed contact was con rmed, only di- say the least. Once the shelves become ungrounded, we ex-
rect measurements, either in situ or airborne, could answepect a signi cant acceleration reaching up to the grounded
to what extent these pinning points pierce the ice body. Yetjce sheet and, consequently, a retreat of the grounding line
such measurements are sparse in Antarctica, meaning théfeavier et al., 2012). For TWG and many other glaciers in
the bathymetry of the ocean cavities beneath the ice shelvethe ASS, grounding lines often retreated (Park et al., 2013;
is just not known in many places. The Bedmap2 sub-shelfRignot et al., 2014) into deeper bathymetry, which facilitates
bathymetry is mostly inherited from the original BEDMAP increasing ice export over the grounding line (e.g. Schoof,
data set (Lythe and Vaughan, 2001) and is based on an sinR007). This provides a positive feedback on further accelera-
ple interpolation between the ice thickness at the groundtion and retreat, often associated with an inherent instability
ing line and the seabed near the ice-shelf front. This inter-of the entire West Antarctic ice sheet (Bamber et al., 2009;
polation regularly spans 100 km. Actual measurements fromJoughin et al., 2014). In this light, we want to put forward an
seismic soundings were limited to Filchner-Ronne, Rossappeal for a coordinated effort to produce a contemporaneous
Amery and the Larsen shelves. For the majority of the icehigh-resolution data set for ice geometry, ice dynamics and
shelves, this original bathymetry was kept in Bedmap2 butsub-shelf bathymetry in this region. Additionally, observa-
excavated by 20 m in places where otation was violated, astions on the exact geometry of the pinning points, which are
suggested by Le Brocq et al. (2010). In the meantime, Op-notin Bedmap2, are highly anticipated by the model commu-
eration Ice Bridge collected free-air gravimetry data, primar- nity, because these features can affect the dynamics of entire
ily in West Antarctica, from which the bathymetry beneath ice shelves. Priority should be given to the pinning points that
entire shelves was inferred (Tinto and Bell, 2011; Cochrangive rise to a large velocity mismatch when not accounted for
and Bell, 2012). Large areas could be covered with this air-in the presented data assimilation.
borne sensor. As the accuracy of this technique is low for
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